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ABSTRACT: Quadruplex structures arise from four coplanar G bases arranged in a Hoogsteen base pairing
motif to create a central pore that can coordinate cations. The termini of eukaryotic chromosomes contain
structures, known as telomeres, which are capable of forming quadruplex structures. Quadruplexes have
been implicated in a variety of disease states, including cancer. The literature seems to agree that the
human telomeric repeat containing four stretches of three guanines displays conformational states that are
different in the presence of Neand K" and an unknown number of species involved in the quadruplex

to single strand transition. Using circular dichroism spectroscopy, differential scanning calorimetry, and
singular-value decomposition, the number of species present in the dissociation process is assessed. The
results indicate that three species exist in equilibria during the melting process. We present a model for
the heat-induced denaturation from the folded to the unfolded state, whereby the hybrid-panéilbelrallel
guadruplex undergoes a transition to an unknown intramolecular intermediate followed by a transition to
a single strand.

The termini of eukaryotic chromosomes contain structures  Quadruplexes may also have other biological roles in vivo
known as telomeres, which are composed ofl3 kb of (5). For example, the repressor activator protein 1 (RAP1)
repeated protective noncoding sequend&e<?). The con- binds to yeast telomeric DNA to promote the formation of
servation of telomeric G-rich sequences across many organ-a parallel stranded quadrupleg)( Additionally, nuclease-
isms suggests a role in telomere functi@). (In fact, the hypersensitivity element 1ll, a G-rich nucleic acid segment
maintenance of telomere length has been associated with thef the c-myc gene promoter region implicated in cancer,
disease state of cancel)(In humans, a majority of the forms intramolecular antiparallel stranded quadrupleXgs (
G-rich telomeric (TTAGGG) repeat participates in the Methylation experiments in the presence of porphyrin and
formation of the d(TTAGGG)d(CCCTAA), duplex stabi- 100 mM KCl indicate that the biologically relevant form is
lized by canonical WatsoenCrick base pairs. Furthermore, an antiparallel conformeigj.

nis greater tham, allowing for a 108-200-nucleotide base The possible biological role of quadruplex structures not
pair G-rich 3 end overhang4). The overhang may interact  only has prompted rational drug design to target these
with the telqmeric duplex through strand invas_ion Or structures 9) but also has provided an impetus for the
may form unique quadruplex structures. Both G-rich and tjlization of G quadruplexes themselves as therapeutic
C-rich synthetic oligomers have the ability to form unique agents. Quadruplex-forming oligomers have been observed
types of quadruplexes under the appropriate conditions intg exhibit antiproliferative activity in HeLa cervical carci-
vitro (2). _ noma cells 10). As expected, the nuclease resistant qua-
G tetrads are unique structures that form from the gryplex-forming oligomers are resilient to degradation in
alignment of four coplanar G bases and are stabilized by aserym (1). Antiproliferative activity correlates well with the
Hoogsteen base pairing mot)( The resulting tetrad can  presencefoa G tetrad coreX(1) and to the extent of nucleolin
stack and coordinate cations to produce highly stable pinging (12), a nuclear protein which regulates cell growth
quadruplexes displaying association molecularities of one, anqd proliferation. Mazumder et all) have also observed

two, or four. Relative adjacent strand orientations may be that quadruplex structures can act as inhibitors of HIV-1
parallel or antiparallel. In addition, the nucleotide base jptegrase.

conformation can be either anti or syn. The formation of quadruplex structures by the human
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create a propeller-like appearance and tetrads witliokis from the folded to unfolded state. Differential scanning
stacked between therh). Sedimentation and fluorescence calorimetry shows that the oligomer undergoes two defined
studies, however, indicate that the predominant formin K transitions in the unfolding process. As a result of these
solution was not the one observed in the crystal structure observations, a model is presented for the quadruplex to
(4). Radioprobing of the same oligomer wit}l suggested  random coil transition, whereby the intramolecular hybrid
that the structure in Kis of the antiparallel chair typel ). qguadruplex proceeds through an unknown intramolecular
However, platinum cross-linking studies indicated that the intermediate to a final unfolded state with exclusion of K
oligomer prefers the antiparallel basket type structure in the following each transition.

presence of 50 mM Kand Na (17). Loop accessibility, as

probed with KMnQ and DEPC, indicated that (TTAGG%)  MATERIALS AND METHODS

loop reactivity is greater in the presence of 70 m¥ tkan

in Na*, suggesting a difference in form&§). 5-lodouracil
has been substituted for T in all positions of the AG
(TTAGGG); sequence to determine conformational differ-
ences in the presence of Nand K" (19). The Na form
basket type) exhibited higher levels of proton abstraction
E)y 2-de0}>/<r))/u)ridin-5-yl, Whgn substitutionpoccurred only in  coefficient oflthe ylr!folded form, provided by the supplier,
the diagonal loop at T12. In’K no such proton abstraction IS 24 3718 M cm™in strand concentration. The extinction
was observed. Recent literature has indicated thag-AG Coefficient provided is in agreement with that obtained
(TTAGGGY) in K* forms a mixture of conformations and through theoretical nearest neighbor .calculat|02|%).(lt .
the addition of flanking ends to create the sequeng@:A shpuld be noted that all DNA concentrations were detgrmmed
(TTAGGG)A, favors the formation of a single intramo-  USINg UV spectroscopy at 260 nm. Prior to gathering UV

lecular quadruplex characterized by a single edgewise loop@PSorption values, we solvated each sample in pu@edhd
and two lateral loops, known as the hybrid paratlel equilibrated each to 95C to prevent secondary struc-

antiparallel quadruplex20). Patel et al. 21) have investi- tures and asso_ciated hypochromicity. Stock solutions of each
gated the structure of a similar sequence, TTGGG- K+ concentration were prepared from thele;tandard _
(TTAGGG)YA, in a K* solution, which also produces a potassium phosphate buffer (100 mM mono- and dibasic

conformation with a single edgewise loop and a diagonal fo'ms with 1 mM KEDTA), deionized HO, and the
loop. Recent circular dichroism studies were also consistent@PPropriate volume of 2.5 M KCI. All solutions were at pH
with these results2Q). 7.0 and were filtered through a 0.4bn filter and then
Circular dichroism (CD) spectra of a parallel quadruplex degassed.
are characterized by a 264 nm peak and a trough at 240 nm, Preparation of Quadruplex (TTAGG&G)DNA was re-
while an antiparallel quadruplex is characterized by a peak constituted in phosphate buffer at the particulardoncen-
at 295 nm and a trough at 265 ni23{. [Some, however, tration of interest and then vortexed. The sample was
have questioned the correlation of the CD spectra with strandthen heated to 93C for 5 min. After 5 min, the heating
polarity (10).] Consequently, the CD spectra of AG block was turned off and allowed to slowly equilibrate to
(TTAGGGY); have been attributed to the coexistence of a room temperature with the sample. After several hours, the
chair and basket conformatio®4). Titration of (TTAGGG), sample was then removed and incubated a€5or 48 h.
with KCI resulted in a CD spectrum with a peak present at At the completion of incubation, the sample was dialyzed
290 nm and a shoulder at265 nm @5). Risitano and Fox  €xhaustively versus phosphate buffer at the identical K
(23) have observed similar CD Spectra for the same 0|igomer concentration for 24 h to allow for identical solvents in
in the presence of K Moreover, it has been Suggested that both the blank and the sample. The sample was then degassed
the sequences AGTTAGGG) and G(TTAGGGY) in 150 by gentle sonication for 15 min. A portion of the sample
mM K* exist as single species at low temperatus}.(The was removed for future studies, and the remainder was
observed CD spectra may not result from the coexistence ofutilize_zd for circular dichroism and differential scanning
parallel and antiparallel forms in solution but from a single calorimetry.
form that has composite base orientatioPS)(Recent CD Circular Dichroism Spectropolarimetry (CD)Circular
studies have indicated the spectra gGATTAGGG)A, and dichroism spectra were recorded with an Aviv Associates
(TTAGGG)A; in Kt are due predominantly>95%) to a CD model 62-ADS spectropolarimeter equipped with a
single intramolecular hybrid quadruplex conformer typified Peltier heating/cooling device and nitrogen purging capabili-
by a peak at 290 nm, a shoulder at 268 nm, and a smallties. An identical macro for all samples was written in DOS
trough at 240 nmZ0). It is clear from these reports that the to facilitate data collection every &, beginning at 5C
presence or absence of flanking sequences, the particulaand ending at 95C. After equilibration for 5 min at each
cation used, and even slight variations in sequence contextsample temperature, the instrument collected spectral data
can have dramatic influences on the actual solution structurein the 326-220 nm range, every 0.5 nm, with an averaging
of a G quadruplex. time o 3 s and a bandwidth of 1. Prior to each melt, the
We report here structural and thermodynamic studies of sample compartment was allowed to equilibrate f€C5or
the human telomeric (TTAGGG)epeat in the presence of 30 min. Samples stored a& were transferred to stoppered
potassium ion. CD indicates the presence of a single cuvettes and placed in the instrument for 30 min so they
intramolecular hybrid quadruplex prior to heat-induced could reach thermal equilibrium prior to melt initiation. The
unfolding. Singular-value decomposition of CD spectra data, after subtraction of the buffer CD over the same spectral
indicate three species are most likely implicated in a pathway range and subsequent smoothing, were exported to Origin

Materials. HPLC-purified 24mer (TTAGGG) was
purchased from Sigma Proligo. The sample was dialyzed
(1000 MWCO SpectroPor Cellulose Ester Dialysis
Membranes) exhaustively versus deionizegOHand the
length verified by 15% denaturing PAGE. The extinction
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6.1 for conversion into molar ellipticity data sets. It is order to disorder transition. The values can be determined
important to note that samples abovex510 % M were for each transition utilizing the following equatio@4):
scanned in a 0.1 cm path length cuvette to prevent detector

saturation and concomitant dynode voltage increase. For theAn, ., = (6 In[K]/ 0 Ty,)(0T,,/d In[K 1) = constantpH,,/
concentration dependence studies, the oligomer concentration 2 +

ranged from 1.2x 107 to 3.7 x 105 M. For the salt (RTw(0Tw/0 In[K 1) (1)

dependence studies, the oligomer concentration ranged fron]t should be noted that the constant is utilized to convert

2.7x 10%t0 4.0x 107 M. . o .

) N ) values into activity terms. The constant is dependent on the

Singular-Value Decomposition (SVI3ingular-value de-  activity coefficient for each corresponding potassium con-

composition 28, 29) was performed using routines in Matlab  centration.
6.5.2 (Mathworks). SVD is a tool for enumerating the  The reference cell contained the degassed buffer utilized
number of species required to account for the spectralin the dialysis of the sample at its respectivé ¢oncentra-
changes that accompany a transition. CD spectra weretion. The sample cell contained (TTAGGGn buffer
obtained at 19 different temperatures and collected in theidentical to that in the reference cell. The (TTAGGG)
wavelength range of 226820 nm, at 0.5 nm intervals. The concentration range was 12:4.2 mg/mL. Each DNA
determination of the number of significant spectral species sample was thermally scanned from 10 to°@0at a rate of
was based on previously cited methods utilizing singular- 0.25°C/min over three forward and three reverse scans. This
value magnitudes, autocorrelation of theandV matrices ramp rate over this temperature range led to no hysteresis
generated from SVD, and residual plo89(31). and thus the complete reversibility of each scan.

Matrix A can be decomposed intq pr.oduct matritess, RESULTS AND DISCUSSION
andVT by SVD (A = U-S-VT). The initial 201x 19 data . .
matrix A for SVD analysis was organized such thatthe rows ~ CD StudiesRepresentative CD spectra of (TTAGGG)
Consisted of data Co”ected at one Wave'ength em nm at Se|eCted temperatures are presented N F|gure 1A. The
at 0.5 nm increments) and the columns-@ °C at 5°C spectra containing peaks at 290 nm, shoulders at 265 nm,
increments) for data collected at a particular concentration @1d troughs at 240 nm are consistent with those reported in
of K*. The U matrix was 201x 201 and contained the the Iltgrature for similar sequences in the presence of
orthonormal basis vectors. Ti®&matrix was 19x 19 and potassium 20, 22, 25, 26). The spectra appear similar to
contained the singular values along its diagonal. Thg _thffg’tisewg%forf?(TTAt‘r??G&AZ anc?f(TTA_‘riggiéz
product matrix represents the basis spectra for each compo-In ut are direrent from that observe O )
nent.VT is the 19x 19 transpose matrix of the matrix. (20). The flanking ends of the former sequences were

The V matrix consists of amplitude vectors for each basis believed to stabilize a single hybrid parafiintiparallel
spectrum qguadruplex structure2().

The spectral data can be analyzed at a given wavelength
Differential Scanning Calorimeter (DSG)I calorimetric as a function of temperature to produce a melting curve, as
experiments were carried out with a Nanoll power- gobserved in Figure 1B. The data show an apparent transition
compensation differential scanning calorimeter from Calo- midpoint near 54C, consistent with a previously observed
rimetric Sciences Corp. The DSC is interfaced with a T, value of 55°C for the AGs(TTAGGG)A, sequence in
personal computer containing DSCRun version 2.1.1 and110 mM K* obtained by CD and NMR 20). Close
CpCalc version 2.1 (Calorimetric Sciences Corp.). DSCRun inspection of the melting curve reveals hints of a multiphasic
allows for user interface with the DSC for modulation of transition. The data show systematic deviations from a simple
experimental parameters and run experiments. CpCalc wassingle sigmoidal shape. Figure 1C shows that the determined
utilized to subtract bufferbuffer scans from buffersample ~ midpoint temperaturely,, of (TTAGGG), is independent of
scans. Linear-polynomial baselines were drawn for each scanthe DNA concentration; therefore, the association of strands
and molar heat capacity values were generated when thelS unimolecular 2). N
molecular weight of the oligomer and the concentration ~Singular-Value Decompositiof.o evaluate the number
(milligrams per milliliter) used during each scan as input. of significant speg:tral species du.rmg thg transition, the CD
The molar heat capacity data were exported to Origin version SPectra were subjected to analysis by singular-value decom-
6.1, where it was deconvoluted into its composite transitions POSition. To determine the number of significant species in
using a Gaussian multipeak fitting function. Sinsél® = the transition, three criteria are used: (1) the magnitude _of
J(AC,/dT), the area of each Gaussian peak yields a corre- the singular values, (2) the ra_ndomness of the corresp(_)ndlng
sponding transition enthalpy, and the peak maximum yields columns of theU a_ndV matrices as measured k?Y a first-
the transition melting temperature. Given tha® = /[(ACy/ order autocorrelation coefficient, and®)(the ability to

T)/dT], the calorimetric Gaussian fits can be replotted in satisfaptorily reconstruct thé matrix whgn selectively
Origin, version 6.1 at\C,/T versusT to yield a curve, the excluding singular values beyond the minimum number of

area of which isAS". The enthalpy and entropy determina- supposed significant ones. This approach was previously used

: . . . to analyze the N&induced B to Z transition in designed
tions allowed the calculation of the Gibbs free energy via oligonculeotides30) and was used to study the complexity
the equatioAG = AH — TAS at 37°C.

of the thermal denaturation of deoxypolynucleotidds)(
Calorimetric techniques have also been used to determine The magnitudes of the singular values (in Table 1S of the

the differential ion binding term, known asng+ (24). The Supporting Information) suggest that three to four major

term represents the number of Kons released during the  species are present during the denaturation of the quadruplex.
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Temperature ('C) Ficure 2: (A) Basis spectra of the first four components obtained
via SVD of the collected observed spectra: component-}, (
0.005- component 2 (- - -), and component-3-J. (B) Amplitude vectors
C. for the three most significant components as obtained by singular-
value decomposition from (TTAGGGHata: component 1J),
0.0041 component 2 £), and component 3.
0003 wmwe—e—  aae— for (TTAGGG), in 150 mM K as shown in Figure 2A. It
52 should be noted that these basis spectra are not true spectra
£ 000 but are simply mathematical construcB0). The relative
populations of these spectral species can be evaluated by
0001 plotting theV coefficient amplitude vectors for (TTAGG)
in 150 mM K* versus temperature as shown in Figure 2B.
0.000 , : : , As can be seen, component 3 increases as component 1
o AN SR S -10 decreases. Component 2 forms a maximum where component
In[(TTAGGG),] 1 and 3 intersect. This is reminiscent of a three-state model
Ficure 1: (A) CD spectra of (TTAGGG)in 150 mM K*, 10 mM in which a folded state undergoes a transition to an unfolded

phosphate buffer’ and 0.1 mM EDTA (pH 70) at—s)( 25 (_ - _), Stated Via an intermediat@Q). In the ﬁnal SVD analySiS,

45 (-++), 65 (=-), and 95°C (-+-). (B) Molar ellipticity of the S matrix is modified to produce residual plots. The
(TTAGGG), at 288.5 nm vs temperature in 150 mM K10 mM diagonal matrix is zeroed at all singular values except for
phosphate buffer, and 0.1 mM EDTA (pH 7.0). The molar ihq56 of interest. Systematically, the newly created matrix
ellipticities for the various temperatures are the squares, and the L - . . .

sigmoidal fit (—) was obtained using Origin version 6.1. (C) Values CO,nFa'n'ng ong to five singular values is SUbSt!tUted for the
of 1/Ty, plotted vs the natural log of the strand concentration in Original S matrix to produce a calculatell matrix (where
150 mM K*, 10 mM phosphate buffer, and 0.1 mM EDTA x = 1-5), whereA, = U-S¢VT. The calculatedh, matrix
(PH 7.0).Try values of (TTAGGG) determined from the CD spectra s subtracted from the original experimentamatrix to yield

at 288.5 nm as in Figure 1B (squares) and the least-squares linea ; ; —1_
regression fit obtained from Origin version 6.1 with &of 0.89 a residual matriRy (wherex = 1—5). Contour plots of each

and a slope of 4.5 1076 (—). residual matrix for (TTAGGG)in 150 mM K* (shown in
Figure 1S of the Supporting Information) are assessed for
The autocorrelation coefficients range frori to +1 and the degree of randomness of each plot. The residual plots
represent a measure of nonrandom shapes within eachappear nonrandom for only the first two components,
column. A value of 0.8 corresponds to a signal-to-noise ratio consistent with the presence of three species and two
of 1 (28). Autocorrelation coefficient values for columns of transitions as observed by differential scanning calorimetry.
theV matrix suggest two to three nonrandom basis vectors. Unfortunately, this analysis does not allow us to determine
Basis spectra can be generated by the multiplication of thethe actual conformation of the intermediate state.
U andS matrices. A plot of theJ-S product matrix suggests Differential Scanning Calorimetry Studi€Bhe transition
three basis spectra with appreciable signal above baselinedata presented in Figure 1B could be subjected to a van't
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A. 4] of multiple transitions as the temperature is increased from
5 to 95°C. As we further dissect the calorimetric data, two
1.24 I, - - .
= transitions become evident (Figure 3B) as previously de-
U 104 scribed B83), necessitating the existence of at least three
s 0.8+ species during the melting process. The species may be
s 067 involved in equilibria consisting of either a single folded
< 0.4 guadruplex to random coil transition through an intermediate
© ool or two independent species following separate pathways not
00] involving intermediates to the same unfolded state. Upon
‘ : examination of the results using the SVD analysis of the
021 ————— CD data described above, we conclude that the transition is
10 20 30 40 50 60 70 80 90 best described as being three-state. This conclusion is
Temperature (°C) supported by the data presented in Figure 2B that clearly
show the gradual disappearance of one species, the gradual
B. 4] appearance of another species, and the concerted formation

5] or disappearance of a transient species.

’ The analysis of each thermogram involved careful baseline
= 10; treatment as well as determination of the thermodynamic
_¥ 0.8 parameters in a fashion consistent with a three-state transi-
= 061 tion. Only a polynomial-linear treatment resulted in better
;8 04 baseline fits to the actual data. Although this treatment results
= in an apparent near-zewC, for the entire transition, it is
© 02 likely that each individual component transition has a non-

0.01 zero AC,. Due to the complexity of the transition, we are
o unable to experimentally determine anyg, values. Using
1020 30 40 350 6 7 8 % Origin 6.1 version, we fit the data using a multiterm

Temperature (') Gaussian. Each transition was considered an individual two-

FIGURE 3: (A) Differential scanning calorimetry thermograms of ~ State transition, with a near-zefC,, whereby the product
(TTAGGG) as a function of potassium ion concentration in of the first transition was the reactant in the second transition.
rlzgtem'\g szsspgfr;?nbulff&; gf;dl?s-é (mM)EZDOTC-)A% (?10700() ;Zijcaﬂ If each transition is in fact two-state, then the Gaussian

was 0. in: , ---), -, +-), ; : i
400 mM K' (). (B) Disséction of the observed differential approach is a good method for the fit. The results.shown in
scanning calorimetry thermogram into two distinct transitions. Figure 3B indicate the sum of the two Guassians thus
Deconvolution of (TTAGGG)in 150 mM K*: baseline-subtracted ~ obtained is identical to the actual data. Hence, this approach
differential scanning calorimetry thermogram)( multi-Gaussian is validated. The assumption of a near-zAQ, will lead to
fit of the baseline-subtracted differential scanning calorimetry errors of 5-10% in the calculated transition enthalpies.
thermogram {-), Gaussian fit for transition 1 (- - -), and Gaussian ., ever we feel these errors will be much smaller than

fit for transition 2 (--). . .
“) those generated using a van't Hoff approach (which can be

Hoff analysis to reveal the van't Hoff enthalpy if one assumes @s high as 20%) for determination of the transition enthalpies.
a simple two-state transition with &C, of zero. Since the Each thermogram yields the thermodynamic parameters
SVD analysis described above indicates a non-two-statefor each transition as presented in Table 1. Although the

transition, we choose to use differential scanning calorimetry measured’,, values of both transitions are dependent upon

for a model-independent thermodynamic analysis. The DSCpotassium ion concentration to nearly the same degree
thermograms presented in Figure 3A indicate the presence(Figure 4), the thermodynamic parametaid, AS andAG

Table 1: Thermodynamic Parameters for the Intramolecular Quadruplex to Random Coil Transition as a Functi@ooté&ntration As
Determined by Differential Scanning Calorimétry

[K*] (mM) Tm (°C) AHcaL (kcal/mol) AScaL (kcal K- mol™?) AGs7°c (kcal/mol) An (mol™1)
Transition 1
100 48.0+ 2.8 20.1+4.4 0.062+ 0.015 0.79+ 0.25 1.04+0.23
150 51.3+ 25 20.3+ 4.5 0.062+ 0.013 0.99+ 0.42 1.05+0.22
200 55.4+ 1.3 234+ 1.5 0.072+ 0.004 1.21+0.18 1.21+0.07
300 59.6+ 0.8 21.1+1.7 0.063+ 0.005 1.41+0.26 1.10+ 0.09
400 575+ 2.5 21.1+1.2 0.064+ 0.004 1.19+0.11 1.14+0.07
Transition 2
100 62.94+ 0.6 12.0+1.4 0.036+ 0.004 0.93+ 0.09 0.56+ 0.06
150 65.9+ 0.6 12.8+2.9 0.038+ 0.009 1.13+0.3 0.61+0.13
200 68.6+ 0.5 11.9+ 0.7 0.035+ 0.002 1.00+ 0.06 0.56+ 0.03
300 722+ 0.5 12.3+0.7 0.036+ 0.002 1.18+0.2 0.64+ 0.11
400 73.4+ 0.5 152+ 1.6 0.0444 0.005 153+ 0.2 0.714+ 0.05

a All differential scanning calorimetry experiments were performed in 10 mM phosphate buffer and 0.1 mM EDTA (pH 7.0) with a 2.5 M KCI
stock added to each buffer to attain its final potassium ion concentration. All data were compiled from six scans (three heating and three cooling)
taken at a scan rate of 0°Z/min to ensure the reversibility of the process. Origin version 6.1 was used to fit the molar heat capacity data to a
two-transition model.
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Ficure 5: Proposed model for the sequential progression of the
300 : : : : : order to disorder transition of (TTAGGGn K*. Transition 1 is
24 20 -6 -12 08 a conformational transition from the hybrid quadruplex to the fully
- parallel quadruplex. Transition 2 is the denaturation of the parallel
In[K] X . S

quadruplex to single strands. The colors of the circles indicate the

B. 360 Guanine base orientation: anti (gray), syn (black), and free rotation
(white).

Tu(K)

3104

transition 1, the average differential binding term of transition
1 (1.11+ 0.16 mol?) is nearly twice that of transition 2

i (0.61+ 0.09 mot?), indicating that the species involved in
5;340- the melting process may have different ion binding sites.
=0 The potassium release for the entire unfolding process is 1.72
+ 0.20 K* mol~* across all salt concentrations.

3304
CONCLUSIONS
320 T = TR We have examined the human telomere (TTAGGG)
i i i i i sequence by spectroscopic and calorimetric approaches. The
K] CD studies characterize the initial folded state as a hybrid
FiGURE4: (A) T plotted vs IN[K'] for the first transition transition. intramolecular quadruplex with a peak at 260 nm typical of

(B) T plotted vs In[K] for the second transitior,, values were  parallel stranded quadruplexes). Singular-value decom-
g_bta_uneo_l from the thermograms in Figure 1 and fit to Gaussian 1ition of the CD spectra taken during the thermal transition
istributions using Origin version 6.1. The data are represented as S . .
squares, and the linear regression fits are the solid lines. (A) SUggests at least three significant spectral species consistent
Transition 1: slope= 7.95, and2 = 0.93. (B) Transition 2: slope  With a sequential transition. Two transitions are also observed
= 7.79, andr? = 0.99. in the calorimetric data, supporting the existence of at least
three species during the unfolding process. Differential
yscanning calorimetry shows that the first transition involves
a greater loss of potassium than the second transition,
pointing to differences in ion binding sites of the initial state
and the intermediate state.
We present here a model for the heat-induced dissociation
(TTAGGG), in a potassium solution shown in Figure 5.
A hybrid quadruplex undergoes a transition to an unknown
intermediate state induced by 21.2 kcal/mol and favored by

exhibit no such salt dependence. The entropy and enthalp

values for the first transition are larger than the values for

the second transition. It should be noted that the sum of the

thermodynamic parameters for the first transition and the

second transition is equal to that obtained if the thermogram

is analyzed as a single transition. Olsen et al. have observed

a similar oligomer [AG(TTAGGGY)] in 10 mM Cs-Hepes

buffer at pH 7.5, which produces a single broad transition

with thermodynamic profiles that differ from this work4), . the release of 1.11K" mol™1. This transition is most likely

suggesting that solvent and sequence effects can dr""m""t'c""ll3§imilar to the loop transition observed for a similar sequence

perturb quadruplex systems. In a different study, Zhao et al. in Na* (J. Li and J. B. Chaires, unpublished results). The

(34) studied the unfolding and folding rate constants via jermediate converts to an unfolded state with an addi-

surface plasmon resonance using the (TTAGEHEBJluence  yiona) release of 0.61 4 mol~! and a heat absorption of

in the presence of 10 mM Tris (pH 7.4), 1 mM EDTA, and 12.9 keal/mol.

150 mM K*. Consequently, the experimentally determined

equilibrium constant of quadruplex formation at 3C is ACKNOWLEDGMENT

4.2, resulting in aAG°(310 K) equal to—0.88 kcal/mol. ) )

Consistent with this SPR data, we report a valueA@°- .We thank Prof. B. Mark Britt gt Texas 'Woman’s Univer-

(310 K) equal to 0.99- 0.418 kcal/mol for the dissociation ~ Sity for correspondence regarding calorimetry.

process. It should be noted that using a differential ScanningSUPPORTING INFORMATION AVAILABLE

calorimetry scan rate of 0.28C/min led to complete

reversibility of the scan over three repeats. However, faster Results of the SVD analyisis (Table 1S) and residual plots

scan rates lead to hysteresis. for the SVD analysis (Figure 1S). This material is available
Figure 4 shows the plots ofy versus In[K] for each free of charge via the Internet at http://pubs.acs.org.

transition to produce thé&Ty/o In[K*] term utilized in eq 1.

The resulting data are also presented in Table 1. The REFERENCES
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